Effects of testosterone and its metabilites on anxiety in male house mice (Mus musculus) : investigation of a nongenomic mechanism of action via GABA [subscript A] membrane receptors by Aikey, Jeremy L.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1999
Effects of testosterone and its metabilites on anxiety
in male house mice (Mus musculus) : investigation
of a nongenomic mechanism of action via GABA
[subscript A] membrane receptors
Jeremy L. Aikey
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Aikey, Jeremy L., "Effects of testosterone and its metabilites on anxiety in male house mice (Mus musculus) : investigation of a
nongenomic mechanism of action via GABA [subscript A] membrane receptors" (1999). Theses and Dissertations. Paper 608.
. , .
Aikey, Jeremy L. ....
.' . . ~
. . .
. .
. .
. . .lEffe<cts·· of .. .'. . . . .
. _.
. ' .
Testosterone and ....
. r..
. .
its Metabolites.on .
. . .
Anxiety· in,.Male ..... ..
·l-ibuSeMice. (Mus.· .. ,. .
. .
musculu,s): .... ..
;' . "
, . c ",,~ . ,. 1. .
. '"
. . . ,
, .
January 2000 .
,
. '-".
"
1 J .--1
'-"0,· .,.
Effects of Testosterone and its Metabolites
on Anxiety in Male House- Mice (Mus musculus):
Investigation of a Nongenomic'Mechanism
of Action:Via-GABAAMembrarte Receptors
by
Jeremy 1. Aikey
A Thesis
Presented to the Graduate and Research Committee
ofLehigh University
in Candidacy for the Degree of
Master ofScience In .
. Bf~filvioralNeuroscience .
Lehigh University
September 7, 1999 "
~..

-= .
, ,'1
ACKNOWLEDGEMENTS'
I ftrst and foremost extend most sincere thanks to Dr. John Nyby; both a teacher!IDd a mentor,
. .
whose enthusiasm has been inspiration~l, whose, guidance has beeIiadmired, whose tutelage ha's been
appr~ciated, and whose ~dvice has been invaluable since my ftrst day working in his labor~tory nearly three'
years ago. His comments, criticism, and friendship were instrumental'in completing.this thesis, to say the
least.
I am honored ~o have shared this experience with Sara Zuckerman, a talented, witty, and truly .
insightful classmate. Our conversations never failed to generate the necessary focus and encouragement
whenever I needed it.
!'bow deeply to David "Morty" Anmuth, a treasured friend and former collaborator, for showing
. .
me' the value of teamwork and for often believing in me more than I do myself. And to Christian Gallotti
whose enthusiasm and curiosity allowed me to constantly look at things from a fresh perspective and gave
, .
me thejoie de vivre to imagine.
I am indebted to Bob Kacluruir and Adria Gehringer for their endless motivation and support.
Without a doubt they provided the sanity and release necessary to complete my degree in three years and
'. ,
this thesis in one year. I hope my friendships with them and our memories ofliving in "The Chicken
Shack" Will never fade.
. I am grateful to Ronald Bollinger for inspiring my passion for science and to Karen Musser for
harnessing it. I also want to extend my warmest appreciation to ~ymany teachers and professors f~r all of
their tutelage, support, andinstru~tion throughout the years. My relationShips with many of them - Dorothy
Weaver, John Nyby, Jack Abel, Neal Simon, KeitwSchray, Lynne Cassimeris, Agnes Ayme-Southgate,
. '
Steve Krawiec, Ian Duffy,·Ed G.allagher, Jill Schneider, Linda Lowe-Krentz, and Art Sevilm - have been
powerful,thought-provoking, and have transcended the classroom: (
I am in tremendous debt to my family. They have all taught me a great deal about life and have
~
helped me appreeiate the wonderful oPPortunity I have been given to pursue basic research. The love, ."
~acriftce;and support pfmy parents, RIck and !<-athy, has made it,tall worthwhile.
111 ',.
,I
Finally, I would alsQ like to acknowledge the enormous technicalhelp given to me in conducting
both the past and present research presented in my thesis. I am pleased to have had the assistance of
several undergraduate and graduate students whose efforts are greatly appreciated: Pete James, Benedetta
Horvath, Kim Forwood, Christian Gallotti, Jeremy Gill, and Bob Amar~l(i.
l-
IV
CONTENTS
List of Figures
Abstract
-
Chapter 1: Introduction and Literature Revjew
. ~ -
vii
1
I.
Synthesis & Release ofTestosterone 2
Characterizatio..n of the Testosterone Pulse in Male Mice 3
Characterization ofthe Testosterone Puls~ in Male Rats and Guinea,Pigs . 5
Speculation on the Function ofthe Reflexive Testosterone Pulse in Male
Mice Genomic Effects·ofSteroids 6
Genomic Effects ofSteroid Hormones . 6
GABAA Receptors: A Nongenomic Effect 7
. AdditionalEvidence that Androgens Exert NongenomiC Effects 11
The Elevated-Plus Maze:. A Model ofAnxiety and Locomotor Activity 13
Chapter 2: Preliminary Studies 15
Chapter 3: General· Methods 18
Animals
Subjects
Social-Experience Mice
Procedure
Bulbectomy,
Social-Experience Regimen
Drug Preparation and Administration
Elevated-Plus Maze Testing
Statistical Analysis
Chapter 4: Results
Experiment I - .
The AnxiolyticHfects of Testosterone
v
18
18
18
19
19
20
22
23
\ .
Experiment II
The,Anxiolytic Effects of Androsterone 26.
Experiment III .
. The Anxiolytic EffectS of Androstanediol 29
Experiment IV
. The Anxiolytic Effects of Testosteroriein The Presence of Picrotoxin 32
Chapter 5: Gener,~1 Discussion 36
. A Comment on the Relevance ofRf!fleXive T Pulses 39
. '
. Where in. the Brain do T, Androsterone and Androstanediol
Regulate Anxiety?
Concluding Remarks
Chapter 6: Bibliography
Chapter 7: Statistical Analyses
r Appendices
39
40
42
49
Appendix I - Experiment V
The Anx,iolytic Effects.of Testosterone in the Presence of Bicuculline 52
Appendix II - Experiment VI
The Anxiolytic Effects of Muscimol 55
Curriculum Vita 59
vi
LIST ofFIGVRES
Figure 1. Synthesis oftestosteron~ and itS metabolites from cholesterol.
Figure 2. Schematic ofthe relationship between LH and testosterone release~
______c--~
Figure 3. Structural model of the GABAA receptor complex. The .complex includes
binding sites for GABA, barbiturates, steroids, cations, benzodiazepines; ethanol, and
picr~toxin. These binding sites modulate the receptors' response to GABA.. A variety
of agomsts, such as muscimol, bind to the GABA site and elicit GABA-like responses.
Bicuculline, a direct receptor antagonist, likely competes with GABA to bind the' GABAA
receptor. Conversely, picrotoxin has its own binding site. Adaptedfrom Rabow, Russek
& Farb"(1995). ,
3
4
9
Figure 4. Male mice that received exposure to aJemale mouse 30 min prior to being
placed on the EPM exhibited reduced anxiety (more time in the open arm) than those not
receiving exposure (F I,18 = 5.00, P < 0.05). 15
Figure 5. Male mice that received exposure to female urine 20 min prior to being placed
on the EPM exhibited reduced anxiety (Fl,1s= 12.98, P < 0.01). 15
Figure 6. Male mice thatreceived a Tinjection 30 min prior to being placed on the EPM
exhibited reduced anxiety (FI,18 = 9.54, p< 0.01). 16
Figure 7. Male mice that received DHT 30 min before being placed on the EPM exhibited
reduced anxiety than those receiving 'either oil or estradiol benzoate (F2,33 = 3.39, P < 0.05). 17
Figure 8. Schematic of the elevatedplus-maze. 20
Figure 9. Mean proportion of time spent in'the openarms (mean ± SEM) of the EPM for
four Ttreatment groups: 1) Vehicle (N=12); 2)25 f!g T (N=12); 3) 100 f!g T (N=12); and'
4) 250 f!g T (N=12). . .24
Figure 10. Mean proportion of entries made into the open arms (mean ± SEM) of the
EPM for four treatment groups: 1) Vehicle (N=12); 2) 25 f!g T (N=12); 3) 100 f!g T
(N=12); and 4) 250 Jig T (N"=12). '24
Figure Ii. Mean number of enclosed arm entries (mean ± SpM) on the EPM for four
treatment groups: 1) Vehicle (N=12); 2) 25 f!g'r (N=12); 3) 100 f!g T (N=12); and
4) 250 f!g T (N=12). _ 25
Figure 12. Mean proportion oftime spent in the open arms (mean ± SEM) of the EPM
for five treatment groups: 1) Vehicle (N=12); 2) 25 f!g Androsterone (N=12); 3) 100f!g
Androsterone (N=12); 4) 250 f.!.g Androsterone (N=12}; and 5) 500 f!gAndrosterone (N=12). 27
. r .
Figure 13. Meanproportion~fentries made mto the ope~ arms (mean± SEM) oftheEPM
for five treatment groups: 1) Vehicle (N=12); 2) 25 f!g Androsterone (N=12); 3) 100 f!g .
Androsterone (N=12); 4) 250 f!g Androsterone (N=14); and 5) 500 f!g Androsterone (N~12). 28
Figure 14. Mean number of enclosed arm entIies (mean ±SEM) on the EPM fpr five
treatment groups: 1) Vehicle .(N~12); 2) 25 Jlg Androsterone (N=12); 3) lOOf!K.
Androsterone (N=12); 4) 250 f!gAndrosterone (N=12); and 5) 500 f!g Androsterone (N=12). '28
. Vll
Figure 15. Mean proportion of time spimt in the open arms (mean ± SEM) of the EPM
for five treatment groups: 1) Vehicle (N=12); 2) 25 Ilg 3a-DIOL CN'=12);3) 100 Ilg
3a-DIOL (N=:=12); 4) 250 Ilg3a-DIOL (N=12); and 5) 500 Ilg 3a-DIOL (N=12).
~ure n.-Meanpfopo-moric-ofentftes-into the open arms (meim ±SEM)offueEPM
for five treatment groups:l) Vehicle (N=12); 2) 251lg 3a-DIOL (N=12); 3)100 Ilg
3a-DIOL (N=12); 4) 250 Ilg 3a~DIOL (N=12); and 5) 500 Ilg 3a-DIOL (N=12).
Figure 17. Mean number of enclosed .entries (mean ± SEM) on the EPM for five
treatmeIii~oups: 1) Vehicle (N=12); 2) 2511g 3a-DIOL (N=12); 3) 100 Ilg 3a-DIOL
- (N=12); 4) 250 Ilg 3a-DIOL (N=12); and 5) 500 Ilg 3a-DIOL (N=12).
Figure 18. Mean proportion of time spent in the open arms (mean ± SEM) of the EPM
for four treatment groups: 1) No Injection (N=9); 2) Vehicle (N=9); 3) 0.5 mglkg
Picrotoxin (N=9); and 4) 2 mg/kg Picrotoxin (N=8).
30 ,
. 30
31
33
r • . •
Figure 19. Mean proportion of entries into the open arms (mean ± SEM) ofthe EPM
for fourtreatment'groups: 1) No Injection (N=9); 2) Vehicle (N=9); 3) 0.5 mg/kg
Picrotoxin (N=9); and 4) 2 mg/kg Picrotoxin (N=8). 34
Figure 20. Mean number of enclosed entries (mean± SEM) on the EPM for five
treatment groups: 1) No Injection (N=9); 2) Vehicle (N~9); 3)"0.5 mg/kg Picrotoxin (N=9);
and 4) 2 mg/kg Picrotoxin (N=8). 34
Figure 21. Mean proportion of time spent in the open arms (mean ±-8EM)of the EPM
for three treatment groups: 1) Vehicle (N=12); 2) 6 mg/kg Bicuculline (N=12); and
, 3) 8 mg/kgBicuculline (N=12). ' 53
Figure 22. .Mean proportion ofopen·arm entries (mean ± SEM) on the EPM for three'
treatment groups: 1) Vehicle (N=12); 2) 6 mg/kg Bicuculline (N=12); and 3) 8 mg/kg
Bicuculline (N=12). 5~
Figure23. Mean number of entries into the enclosed arms (mean±SEM) of the EPM
for three, treatment groups: 1) Vehicle (N=12); 2) 6 mg/kg Bicuculline (N=12); and
3) 8 mg/kg BicucuUine ,(N=12). . 54
Figure 24. Mean proportion of time spent in the open arms (mean ± SEM) of the EPM
for three treatment groups: 1) Vehicle (N=12); 2) 1 mg/kg Muscimol (N,=12); and
3) 2 mg/kg Muscimol(N=12).' 56
Figure 25: Mean proportion of open arm entries (mean ± SEM) on the EPM for three
treatment groups: 1) Vehicle (N=12); 2) 1 mg/kg Muscimol (N=12); and 3) 2 mg/kg
Muscimol(N=12). 57
Figure 26. Mean number of entries into the enclosed arms (mean ± SEM) of the EPM
fot three treatment groups: 1) Vehicle (N=12); 2) 1 mg/kg Muscimol(N=12); and
3) 2 mgJkg Muscimof(N=12). . . . 57
viii
.. ,f
ABSTRACT r
I I
.Previous research conducted in our laboratory has shown that endogenous pulses of
testosterone (T) elici!ed by exposure to a female or her urinary pheromone, as well as exogenous pulses
(500 Ilg) of either T or its 5a-reduced met!lbolite, dihydrotestosterone (DHT), rapidly reduce the
anxiety levels ofC57BL6J x AKRlJ hybrid male house mice (Mus musculus). The experiments
presented in this thesis further characterized the effects ofT, both alone and in the presence ofGABAA
receptor antagonists, as well as analyze the ability of 3a-, 5a-reduced T metabolites to rapidly reduce
anxiety..
Experiments 1-3 provided evidence that the anxi<;llytic effects ofT are mediated through its
3a-, 5a-reduced metabolites, in particular, androsterone andandrostanediol. In Experiment 1,·s.c. T .
injections reduced male mouse anxiety when tested 30 min later on an elevated plus-maze (EPM).
However, T had no effect on locomotor activity. In Experiments 2 and 3, two 3a-, 5a-reduced
metabolites,androsterone an~ androstanediol, reduced anxiety 30 min later on an EPM in a dose-
dependent fashion, but had no significant effect on locomotor activity.
In Experiment4, T rapidly reduced anxiety by acting as a GABAA receptor agonist.
Intraperitoneal (IP) ~jection ofpicrotoxin, a non-competitive GABAA receptor antagonist, 5 min prior
to s.c. injection o·f 500 Ilg T, reduced male mouse anxiety when tested30 min later on an EPM.
. .
However, picrotoxin had no effect op.locomotor activity.
·A~ditional pilot studies investigating the properties ofbicuculline, a competitive GABAA
antagonist, and muscimol, aGABAA agonist, to affect anxiety in male mice are presented in
appendices.
The results suggest that T, as well as its reduced metabolites, androsterone and androstanediol,
. .
rapidly reduce inale mouse anxiety;" Inaddition, T appears to reduce anxiety by aCQng as a GABAA
agonist. Therefore, the property otT to influence anxiety is consistent with a nongenomic.mechanism
. ~
of action.
1
(
,'
,
Chqptet1: INTRODUCTION &L1T~RATVR~~REVIEW
Synthesis and R,elease ofTestosterone
_In re,sponse to environmental stimuli (e.g., a female or her urinary pheromone), some internal
pacemaker or neural processing ~om higher brain cente~s, neurosecretory cells in the hypothalamus
,produce and secrete gonadotropic releasinghormone (GnRH). GnRH reaches the anterior pituitary via
the hypophyseal portal system, a special closed blood circuit in which twq)edsof capillaries, one in the
hypothalamus and one in the anterior pituitary, are connected by the yypophyseaI.portal vein. The
portal~ystem ensures that blood flows in one direction from the hypothalamusto the anterior pituitary,
arid guarantees that hormonal signals from the hypothalamus will be read by the pituitary rather than
diluted in the general blood circulation. GnRH acts on the anterior pituitary to stimulate release of
luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the p~rs distalis into the
, ,
____ bloodstream. Upon LH activation, the Leydig cells of the testes produce T, while FSH results in
activation of spermatogenesis in Sertoli cells of the testes. Testosterone feeds back to turn offGnRH
production in the hypothalamus, as well as shutting down LH and FSH secretion from the anterior
pituitary. Similarly, LH and FSH feed back on the hypothalamus to inhibit further release ofGnRH. In
'addition, the hypothalamus regulates its own secretion ofGnRH (autoregulation) via,an u1tra~short
feedback loop to maintain homeostatic levels ofGnRH.
However, Leydig cells of the testes are not the only sites ofT synthesis. The mammalian brain
. ,
also contains the substrate and enzymes necessary for steroid synthesis'and metabolism. Once T is
synthesized from cholesterol or reac~es the brain from peripheral so~c-es, it can be further metabolized
, 'into a variety ofmetabolites. Ofplcular interest to our research, 'T can be metabolized in
oligodendroglia cells by Sa-reductase to DHT, which.can.then-undergo_3a"Omudo~eduction.to_generate~_-c--- _
, ,
, ,
androstanediol. Androstanediol can then be further converted to androsterone via oxidation of its ,C-17 '
hydroxyl. This research proposal will test the hypothesis that the neurosteroids, androsterone and
androstanediol, have impo~ant, quick-actill¥behavioral actions in the brain.
Characterization ofthe Testosterone Pulse in Male Mice
Testosterone titers in male mice exist in twodifferent states. Normally, blood levels ofT
remain low and constant for several hours (Coquelin and Desjardins, 1982). However, this baseline
level ofT secretion is'periodically iilt~trypted by discrete, transient elevations inT or testosterone
,
pulses in which high blood titers are achieved in a matter ofminutes.· These abrupt T pu.lses occur
under three different cit;<:urnstances: 1) spontaneously; 2) upon presentation of a· female (Macrides,
1~: .
, .
Bartke, and Dalterio, 1975) or her urinary pheromone (Maruniak and Bronson, 1976); or 3) following
ejaculation (Coquelin and Bronson, 1979).. Normall healthy male mice release approximately 8
spontaneous pulses ofLH (Coquelin and Desjardins, 1982), and therefory T, over a 24-hour period.
•Cholesterol + Pregnenolone -... Progesterone --.... Androstenedione
.... +t....
Androsterone ~Androstanediol ~ DHT ... ....Testosterone
~ •. -.-
Figure 1. Synthesis of testosterone and its metabolites from choiesterol.
. .
Infact LH titers, as well as T titers, ofmale mice are characterized by extreme blood
fluctuations. For example, plasma levels of LH often fluctuate from 2 or 3 ng/ml to as many as 200
ng/ml within 1 or 2 min, while T levels fluctuate from several ng/ml up.to 40 ng/ml (Coquelin and
Desjardins, 1982). Although the pulses are somewhat irregularly spaced, apulse ofLH, nonetheless,
reliably evokes a several-minute, time-delayed elevation in serum T (Coquelin andDesjardins, 1982).
Thus, the episodic elevations inLH andT are tightly coupled. "This one~to-one relationship reflects the
fact that the changes in circ:ulating LH directly cause the synthesis and secretion ofT,-as well as other
androgens, in the Leydig cells ofth~ testes.
A pulsatile pattern of LH release is especially important because cdntinued exposure to high·
3
\
levels;oftrophic hormones depress rather than enhance the ability of Leydig cells to secrete androgens.
. . .'
If an animal is chronically infused with high levels ofLH, all of the LH receptors are soon occupied,
which serves to downregulate receptor number and/or sensitivity. A hormone-free recovery period
between LH pulses is likely necessary to prevent ~his downregulation.
Figure 2 illustrates a re~exive release of LH and T in response to a female stimulus. LH levels
ofmale mice peak within 10 min ofpresentation of a female or her urinary pheromone. Testosterone
secretion commences when.LH levels
10
~
.-
.-
•
•
•
•
•
•
•
LH
TESTOSTERONE
60
Time (min)
peak. Typically 20-25 min futervene
.. between an LH peak arid a T peak in male
mice (see Figure 2). .
Both spontaneous ana socially-
induced pulsatile secretion ofLH and T
a!e determined Qy several factors in male
mice. First, the pulse frequency is
Figure 2. Schematic.of the one-to-one coupling
between LH and testosterone release.
determined by a 25 to 45 min refractory
period between successive LH surges
(Coquelin and Bronson, 1981; Huber and Bronson, 1.980). Second,the LH pulse must be ofsufficient
magnitude (10 to 15-fold above baseline levels; above 170 ng/m1) to generate a T pulse (Huber and
Bronson, 1980). And third, the baseline level of circulatinR LH maintained between p':llses must be low
and relatively constant.
Although T release is tightly linked to LH release, the relationship ofT titers to LH release is
not as tightly linked. Pulsatile LH release is not triggered by the rapid decline in blood T (Coqm:lin and
Desjardins, 1982). On the contrary, male mice exhibit prol?ngedperiods (up to 3 hours) during which
LH and T release are not detectllble. Thus, the negative feedback effects ofT on LH release appears
effective for at least several hours.
The fe~le-induced release ofLH and Tis roughly correlated with the onset of sexual arousal
and copulatory.behavior in male mice (Coquelin and Bronson, 1979). The parallel betweenLH and T
4
.. -
release and behavioral arousal suggests that this neuroendocrine reflex may support sexual arousal in
some manner.
Characterization ofthe Testosterone Pulse in Male Rats and Guinea Pigs
Investigations ofthe relationship between LH, T and mating in rats have yielded results'.
parallel to those from mice. Using cannulation procedures similar to those of Coquelin and Desjardins
(1980), pther researchers (Kamel and Frankel, 1978) found that male rat LH levels peak \Vithin 5-15 .'
min after the. start ofmating and th~m decline. Prolactin also Increased in a pattern very similar to La
although FSH was unchanged. Testosterone levels rose more slowly and peaked between 30"and 60
. . .
. min after mating commenced (Kamel and Frankel, 1978). LH and prolactin release in male rats w""a"'-s_'-- _
likely due to'the presentation of a female and did not appear to be related to any partic~lar event in the
. mating sequence. However, as was the case in male mice, the increase in T was due to a prior increase
inLH.
'\
The reflexive rise in LH and T ofmale rats upon encountering a female typically occur before
intromitting or ejaculating and even, in some cases, before mounting (Kamel and Frankel, 1978).
Furthermore, the hormone increases sometimes occur despite unsuccessful atteIlJpts to mate, suggesting
that these increases precede rather thanfollow the occurrence ofmating (Kamel, Wright, Mock, and'
Frankel, 1977). Additional research has shown male rats classically conditioned to associate a receptive
female with methyl salicylate, a previously novel odor, exhibit reflexive LH all"dT pulses when methyl
salicylate IS presented alone (Graham and Desjardins, 1980). In this context, pulses ofLH and Tin
..
anticipation of a female might somehow serve to facilitate mating behavior and, as a result, enhance the
reproductive success of the male rat.
.In addition, hormone release was related to the rats' level of sexual motivation, since non.; .
mating triales that showed ~o interest in the female, ~lso exhibited no elevations in hormone-levels
during exposure to a female (Kamel and Frankel, 1978): In a similar fashion, T levels in male guinea
~ . .. .
pigs with high levels 'of sexual activity rise after exposure to a female;btifshow no increase in ldw~
. acti~ity males (Harding and Feder, 1976). Perhaps an inability to express sexual aro?sal when sexually
.5
)
..~., "~,-_ ...• ':.i!U;.--'-'-'_~':":"":!"""__ ""'~".4'-"'''''';''''''' ':~l"" ; ..~.-..:.".'-~".~,-. ; _ •..~.". ~ " ' _ .__ .
stimulated is directly r,elated to an inability to exhibit LH and T pulses.
Specula~ion on the Function ofthe Reflexive Test~sterone Pulse in Male Mice
"\ Testosterone traditionally has been known tobe important for masculinization during sexual
differentiation, for the control of sperm production, for the development ofmale secondary sexual
characteristics at puberty, and for the activation of aggressive and sexual behavior in adulthood. It is
unrealistic to view these effects ofTon male-typical reproductive physiology and behavior in the '
context of single, transient pulses. Rather, these effects are more likely due to cumulative release of
.. .
many spontaneous and reflexive pulses over a longer period.
_____-----:-----So-then-whatrole-mightthe transient,ieflexjye~pulsespm in male reproductive behavior?
Clearly, the tirnitig ofhormone release is important. Several researchers (Coquelln and,Bronson, 1979;
Nyby, 1981) have noted that reflexive T release in male mice often occurs with the initiation ofmale .
copulatory behavior. In addition, reflexive T pulses that follow ejaculation occur near the end of the
sexual refractory period when males re-initiate pre-copulatory behaviors. Therefore, reflexive T release
may be important in facilitating sexual arousal (Coquelin and Bronson, 1979) or may help initiate pre-
copulatory behavior (Kamel, Mock, Wright, a~d Frankel, ,1975; Batty, 1978) such as the initiation of
male mounting behavior (James and Nyby, unpublished).
Genomic Effects ofSteroid Hormones .
However, it is important to note that hormones do not cause a behavioral response. Hormones,
such as T, only alter the likelihooa a behavior will occur in the appropriate behavioral or social context.
The physiology underlying behavioral changes following steroid h~rmone manipulations has been
studied extensively, yet questions concerning the cellular and molecular mechanisms underlying steroid
effects persist.
In the genomic mod.el of steroid hormone action, steroids freely'diffuse across plasma
membranes and bind to cytosolic or nu~lear receptors in neurons. When T binds to androgen receptors
6
in the'brain,,~e activated receptor complex-initiates DNA transcription to produce.mRNA, and
subsequently, protein synthesis in the target cell. The proteins synthesiz~~ in neurons include
neuropeptides, hormones, neurotransmitters, and receptors for neurotransmitters, and steroid hormone
metabolizing enzymes(Brown, 1994). However~ steroid-induced protein synthesis is not mediate
and may take hours or even days to occur (for review see Yamamoto, 1985; Rupprecht, Hauser, Trapp,
and Holsboer, 1996; Brann; Hendry, and Mahesh, 1995; Wehlmg, 1995; Wehling, 1997). For example,
the a1tivation of sufficient progesterone receptors in the ventral medial nucleus to trigger sexual
behavior in ~variectomized female rats following estrogen treatment takes somewhere between 6 and
,24 h01;ITs (Pfaff, 1989).'
GABAA Receptors: A Nongenomic Effect
Intere,stingly; the genomic mechanism of action cannot easily account for some of the rapid
effects of steroid hormones. For example, neuroactive steroids, such as pregnane and androstane
steroids, rapidly alter~ excitability and produce behavioral effects within seconds to minutes
following exogenous administration (Selye, 1941). Furthermore, our laboratory has found that
"-
injections of either Tor DHT (Aikey, Anmuth, and Nyby, 1998) produce anxiolytic effects within 30
min in male mice. In addition, Domek and coworkers (1992) have found that exogenous T
administration elicits reduction in male mouse aversive behavior within 30 min.
~ccording to Nyby (1983), male-typical reproductive behaviors are normally completed within
30-60 min after the presentation ofa female. Thus, the genomic effects of the reflexive release ofT
. ,
could not facilitate concomitant sexualarousal, pre-copulatory, or reproductive behavior, as some have
suggested. In addition, research conducted in our laboratory, presented in a later section, has shown
, ,
that male mouse anxiety is reduced 30 min after female exposure and 40 min after female urine
exposure. Such a short ~e~fra~eis not consistent with it genomlc meG-hanism o(action.
To explain rapid nongenomic steroid effects, several membrane mechanisms have been
. .
~------------_._---_._. ',--
postulated (Bau'lieu, 1978; Majewska, 1992; Paul and PUrdy, 1992; Gee, 1988; Lieberherr and Grosse,
1994;'Duval" Durant, and Homo-Delarclie, 198-3). "However,thc:(~oncept9Ia steroi(riiormone15ina~--'-'-~-'-
7
to, and modulating, a membrane steroid receptor has not been widely accepted until the last several
years (Szego, 1984; Robel arid Baulieu, 1995; Baulleu, 1991; Morrow, Devaud, Purdy, and Paul, 1995).
T.he most compelling evidence for steroid modulation ofmembrane receptors comes from.
studies on the inhibitory neurotransmitter y-aminobutyric acid (GABA) and its A-type receptor in
. . ~ - .
, vertebrate neurons. GABAAreceptors, a member of the ligand-ga:ted ion channel family ofreceptors,
are ubiquitous in the brain. This receptor is a hetero-oligomeric protein composed of sev~ral distinct,
, polypeptidesc(a, {3;y and8}. The polypeptideslink together to form the walls of a'GABA-activated
chloride (Cnionchannel. By triggering the opening ofpostsynaptic cr ion channels, GABA shunts the
~ - . . .
influence of excitatory neurotransmitters. This channel opening is facilitated byGABAAagonists
(muscimol) and attenuated by competitive (bicuculline) and non-competitive (picrotoxin) GABAA-~'--:------'-------:~-~--;-~-~-~--~---~-~--~-~-~~---~
antagonists binding at GABA,-binding sites (Macdonald, Rogers, and Twyman, 1989; Macdonald and
, '
Barker, 1978, respectively); Ster:oids also modulate GABAAreceptor function. For example, some,
naturally occurring metabolites ofprogesterone and ~eoxycorticosterone are among the most potent
GABAAreceptor ligands studied. However, steroids bind sites distinct from the GABA binding site to
,modulate cr flow.
Pharmacological evidence suggests GABAAreceptors contain separate binding sites not orily
for GABA and steroids but also for alcohol, convulsantS, be~odiazepines and barbiturates (Olsen and
Tobin, 1990; see Figure 3). The efficacy ofthe binding sites is thought to correspond to the subunit
composition of GABAAreceptors. The possibiJities for GABAAreceptor heterogeneity are enormous
sinceniultip1e isoforrns exist for· each of the subunits and a heterogeneous population of GABAA
, receptors is in fact present in vertebrate brains (Paul and Purdy,1992). Although, one groupfound that
steroids appear to modulate GABAAreceptor function independently ofsubunit composition (Puia,
Vicini, Seeburg, andQQsta, 1991), other in vitro studies have demonstrated that the steroid bin~ling site
is, at least partially; subunit-specific (Shingai, Sutherlal1d,andBarnard, 1991; Lan,~Gee,Bo1ger,and
, ,
, Chen, 1991; Ducic,Pui,a, Vicini, and Costa, ~993;Puia~Vicini, Seeburg, and Costa,' 1991). Therefore,
--- .
'the pharmacologkaleffects, ~roduced by GABAAagonists (e.g., anx!ety reduction, anticonvulsant
activity;cmuscle,~ela.rints;1liiesthesia,learning'deficits)·andGABAKaritagonists.(e.g.,.increasecL_. __.
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anxiety, convulsant activity, increased locomotor activity) maydiffer depending on the composition of
the GABAAreceptors in' certain re,gions of the brain involved in specific neural activity (Sanger,
Benavides, Perrault, Morel, Cohen, J~ly and Zivkovic, 1994).
Baulieu introduced the term"neuros~eroid" in 1981 to designatesferoids that'call be
synthesized in the bram de novo. However" the term is now often applied to peripheral steroids,
\ ~
-----------
GABAA Receptor
Figure 3. Stnictural model of the GABAAreceptor complex. The complex includes binding
sites for GABA, barbiturates, steroids, cations, benzodiaz~pines, ethanol, and picrotoxin.
These binding sites either pgsitively (+) or negatively (-) modulate the receptors response to
GABA. Avariety of agonists, such as muscimol, bind to the GABA site and elicit GABA-like
responses. Bicuculline, a direct receptor antagonist, likely competes with GABA to bind the
GABAAreceptor.Conversely, picrotoxin has its own binding site. Adaptedfrom Rabow,
Russek~ Farb (1995).
such as T, that are modified by the brain as w~ll. Numerous studies over the last 10 years have
.demonstratedthatneurosteroids bind GABAAreceptors. Interestingly, progesterone, a pregnane
precursor ofneurosteroids devoid ofbinding capacity to GABAAreceptors (Turner, Ransom; Yang, and
-------- ··-------·Olse~,19-@),nonetheleSS-hasanxiOlyficeffectS-in male rrfi:ce-sirnilarto-the-establishedanxiolyti-cdrugs-,-.----'----'--
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•effects, it must fIrst be converted into the appropriate neurosteroids. This conversion is caused by 50. -
reductase and 3a-hydroxysteroid oxidoreductase enzymes in neurons and glial cells which metabolize
progesterone into the neurosteroid 30., 5a-THP (3a-hydroxy-5a-pregnan-20-one) which is a potent
GABAA agonist in rat braill (Morrow, Suzdak, and Paul, '1987; Brot, Akwa, Purdy, Koob, and Britton,
1997). 30., 50.-THP probably plays a functional role since it also signifIcantly increases in the brain in
response to stress (Purdy, Morrow, Moore, and Paul, 1991). Thus, progesterone indirectly influertces
\. . ~ . . . .
GABAA receptors and reducl:lsa;J1Xiety via metabolic conversion to active neurosteroids that in turn
stimulate GABAA receptors. Further studies confrrme.d this hypothesis by showing that
. coadministration ofprogesterone with 5a-reductase enzyme inhibitors plocks anxiolysis and GABA-
-~- -------mediated_Cl~flux_(Bitr.ll.n,McLeod, and_$!llekh,J993) _
-------.--------~----
Several studies suggest that androgens may sirnilarlyaffect GABAergic transmission. Under
certain conditions, both progestins and androgens facilitate male and female rat sexual receptivity (Frye,
VanKeuren, and Erskine, 1996; Frye, Van Keuren, Rao, and Erskine, 1996; Gonzalez, Farabollini,
Albonetti, and Wilson, 1994) and reduce anxiety via: interactions with GABAA receptors (Bitran,
Hilvers, and Kellogg, 1991; Bitran,Kellogg, and Hilvers, 1993). For example, six days ofcontinued
exposure to high amounts ofT reduces anxietyin male rats (Bitran, Kellogg, and Hilvers, 1993).
Testosterone also appears to have an·anxiolytic effect in male rats (GonZalez,Farabollini,Albonetti,
.
and Wilson, 1994), that is presumed to occur via GABAA receptors.
In addition to affecting ~nxiety through interacting with GABAA receptors, T and its
metabolites also regulate GABAA receptor sensitivity. Sustained exposure to high amounts ofT
increases the sensitivity ofcortical GABAA receptors (Bitran, Kellogg, ,md Hilvers, 1993). GABAA
receptor turnover rate increases or decreases in certain brain regions following castration (Grattan and
Se1rnanoff, 1993), while either T implants or T injections prevent this castration~indriced decrease in
. . ,.
GABA turnover, such that the turnoverrates are not signifIcantly different from intact rats (Grattan and
Selmanoff, 1994). These results are consistent with the idea that crrculating T levels have profound
--~-------~-~-------------~-., '---------~~-,---_. __.--- ----_._-_.-
consequences on GABAA receptor sensitivity, concentrations, and turnover rate.
10
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Testosterone, like progesterone, can be metabolized in oligodendroglia to 50.-, 3o.-reduced
---
neurosteroids (Martini, 1982) such a~ androstanediol (30.-, 17~-dihydroxy-5o.-androstane) and·
androsterone(3o.~hydroxy-5o.-androstati-17 -one). Neither androstanediol or androsterone have much
affinity for classical intracellu1ar steroid receptors, but both bind with high affinity to steroid
recognition sites on GABAA receptors (Gee, Bolger, Brinton, Coirini, and McEwen, 1988; Turner,
Ransom, Yang, and Olsen, 1989, respectively) and also increase in the brain in response to stress
L
(Purdy, Morrow, Moore, and Paul, 1991; Erskine and Kornberg, 1992). Androstanediol also increases
- ....
the density ofGABAA binding sites inthe hypothalamus (Frye, DUIican, Basham, and Erskine, 1996).
It is interesting to note that androstanediol potentiates GABA-mediated cr flow in synaptoneurosomes
at low doses, an action Which inhibits fe~le rat sexual behavior, while high doses of androstanediol
elicit much lower GABA-mediated Cl- flow, and as such, facilitate female rat sexual behavior (Frye,
Van Keuren, and Erskine, 1996). Androsterone also enhances the ability ofmuscimol, a GABAA
agonist, to hyperpolarize neurons (Turner and Simmonds, 1989) and stimulate cr flux in
synaptoneurosomes (Turner, Ransom, Yang, and Olsen, 1989).
Additional Evidence that Androgens Exert Nongenomic Effects
Selye fIrst reported the remarkable anesthetic and sedative properties ofprogesterone and
several of its 3o.-derivatiyes in 1941. These steroids exerted their effects too rapidly to be accounted for
by steroid receptor-mediated activation ofgene transcription. Subsequent work has shown that
androgens, as well as progestins, exert nongenomic effects through a plasma membrane site of action.
For example, T induce~ a rapidincre.ase in cytosolic C,2+ ofSertoli cells (Gorcz).nskaand Handelsman,
1995), T lymphocytes (Benten, Lieberherr, Giese, Wrehlke,Stamm,Sekeris, Mossmann, Wunderlich,
1999),osteoblasts (Lieberherr and Grosse, 1994), kidney cortex (Go~dstone, Koenig, andLu, 1983),
and cardiac myocytes (Koenig, Fan, G0ldstone, Lu,and Trout, 1989). Furthermore, application ofT to
.' . . _. I
individual-n:euroris-in~theanterior-hypothalamus_andseptumof.adultmale_rats_increasesJheir_frring ~_~-
. .,. . , ~
~ates within 2-~0 sec (Yamada, 1980). In -addition, T ~aused a dose-dependentincrease in the'
11"
hydrolytic ability of the plasma membrahe calcium pump, Ca2+-ATPase, suggesting that it may be one
of the possible,m~mbrane targets for a nongenonllc~mechamsmofactionIZ:ylinsk:a., Grornadzmska, and
~ \. .. ,
Lachowicz, 1999). T has also. been shown to have Ii vasodilating effect in the rat a6rt~ illdependent of
intraceIlularandrogen receptors (Costarella, Stallone, Rutecki, and Whittier, 1996). T also'mediates the
, excitability ofneurons in the hippocampus (Teyler, Vardaris, Lewis, and:Rawitch, 1980) of die.strous ~
females andhypothalamic neurons (Orsini, Barone, Armstrong, and Wayner, 1985) ofmale rats within
seconds. T has also been shown to reliably elicit contractions in striated penile muscles within 30 min
after injection-in male rats (Sachs and Leipheimer, 1988), yet another phenomenon ascribed to steroid-
--sensitive neuronal membrane receptors. The---nongenomic-effects-of-T----in~male-rat~osteoblasts_are-- ---
thought to occur vili a class .ofmembrane receptors coupled to a pertussis-toxin-sensitive G~protein
system that involves a phospholipase C second messenger system (Lieberherr and Grosse, 1994).
Androstenedione, the direct precursor to T in adrenal, gonadal, and placenta tissue; also increas~s
intracellular Ca2+in granulosa cells via voltage-depend~nt Ca2+channels in membrane and
phospholipase C activation via a pertussis-toxin-sensitive G-protein (Machelon, Nome, and Tesarik,
1998). Cumulatively, these fmdings argue for the possible existence of a short-term, nongenomic effect
occurring within seconds to minutes in addition to the well known, genomic response that occurs within
hoursto days later.. However, numerous possibilities could account for such a nongenomic mechanism
of action.
.Selye's early work was overlooked until recently, as researchers have suggested that steroids
can also exert their effects by binding to GABAAreceptors and, in a rapid action'thattakes milliseconds,
alter the GABA-ergic response by an allosteric mechanism (Majewska, 1987). This second mode of
action for steroids has not been studied extensively,but as described earlier it is thought that there is,a
steroidbindfugsite on GABAAreceptors (see. Figure ~). Various steroids have been found to have
potent stimulatory and inhibitory effects onthe GABAAJeceptor (Callachan, Cottrell, Hather, Lambert,
Nooney, and Peters, i9,87; Majewska, 1987; Majewska, J992; Harrison, Majewska, Harrlllgton, and
Barker, 1987; Paul and Purdy, 1992).
_~_~ Taken toget:her, these re~ults, in conjunction with experiments cond~cted in'our laboratory (see
-----
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Prelimirlary Studies section), suggest that T, through its metabolites, may have rapid, anxiety-reducing
effects in maler04ents. This anxiolytic mechanism may involve an agonistic relationship with
. membr~ne-bound GABAA receptorsin theCNS. The experiments of this thesis are designed to test this
paradigm.
The Elevated-Plus Maze: A Mod.el o/Anxiety and Locomotor Activity
In order to assess the anxiolytic properties ofTand its metabolites, I employed the elevated
plus-maze (EPM), a highly validated animal model for anxiety (Lister, 1987; Gyeityan, 1992; Kulkarni
and Sharma, 1991; Sanger, 1991). The apparatus consisted of two open and two enclosed arms in
--__~__ ~whichuodent.is_allowedJo.moYe_freely..for_a.fixedperiod (see_Eigur:e~7)._This_situatiQnjnduc~s_an ~_ ~_ _ __
emotional state of fearfulness or anxiety du~ to fear ofopen spaces (Montgomery, 1955), to an aversion
to heights (Pellow, Chopin, File, and Briley, 1985) or to high levels of illumination (File, 1980).
Therefore, mice exhibit a natural preference for the ~nc1osed arms of the maze.
The two parameters used to evaluate anxiety levels are the time spent in, and the relative
number of entries into, the open arms. These parameters are sensitive to various anxiolytic and
anxiogenic (anxiety-enhancing) drugs, and therefore are good measures of anxiety (File, 1990; Handley
and Mithani, 1984; Rodgers and Johnson, 1996; Lister, 1987; Moser, 1989; Pellow, Chopin, File, imd
Briley, 1985). Conversely, the number of enclosed arm entries is considered the best measure of
locomotor activity (Cruz, Frei, and Graeff, 1994; Rodgers and Johnson, 1996). Ideally, researchers'
employing the EPM determine that a pre~testmanipulation has increased or decreased anxiety when
-~b~ervable differences in anxio1ytic measures exist without significant differences in locomotor
activity.
To make matters complicated, repeatedly te~ting rodents is a procedural variable where
contra.diCtory results ha.vebeen reported. Sornelaboratories havefo~d stable test-retest profiles (File,
1992; Lister, 1987; Pellow, Ch~pin, File, and Briley, 1985), although the majority have, reported
reduced open-arin exploration with repeated testing (FIle, 1990; Lee a.nd Rodgers, 1990; Rodgers and
13
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" .
Johnson, 1996; Shepherd, 1994; Treit, Menard, and Royan, 1993).. In particular, previous research in
,
our laboratory found that the anxiety levels of C57BLl6J x AKR/J male mice appear to increase with
. . . .'
repeated dai1y~exposures (Aikey, AnIl1uth,llIldNyby 1998).
Furthermore, our laboratory also found that IIJale tince habituated to the EPM by a single 5-
.min exposure optimized the emergence of observable differences between treatment groups. Since
'.' " .
different genetic strains of.mice and rats are known to behave somewhat differently on the EPM
(Ramos, Berton, Mormede, andChauloff, 1997; Crabbe, Wahlsten, and Dudek, 1999), we believe that·
our strain ofmale mice, in particular, requires a single 5-min habituation on the EPM before the effects
~ - ofpre-test manipulations on anxiety can be effectively investigated.
----._-.-
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Ch'lpter 2: PRELIMINARY STUDIES
Testosterone and its metabolites exert quick-acting anxiolyticeffects in mice (Aikey, Anmuth,
and Nyby, 1998). One experiment conducted in our laboratory involved presenting male mice with a
female mouse. The males' were then tested for anxiety 30 min later at the time that they should
s
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Figure 4. Male mice
that received exposure
to a female mouse 30
min prior to being
placed on theEPM
exhibited reduced
anxiety (more time in
- the open arm) than p---
those not receiving
exposure (F1,18 =5.00,
p < 0.05).
Figure 5. Male mice
that received .
exposure to female
urine 20 min prior to
being placed on the
EPM exhibited
reduced anxiety
(FI ,18 = 12.98;p <
0.01).
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Figure 6. Male mice
that received a T
-t------'-------'--'------,.---'----1 . injection 30 min·prior
to being placedon the
EPM exhibited
reduced anxiety (FI,ls
= 9.54, P< 0.01).
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be experiencing their reflexive endogenous T pulse. As seen in Figure 4, males exposed to a female
before being placed on the EPM were substantially less anxious (spent proportionally more time on the
open arms) than males that did not receive this exposure. Males did not differ in their level of
"-
locomotor activity.
In addition, males exposed to female urine 20 min before testing were also less anxious. As
illustrated in Figure 5, males given urine exposure spent proportionally more time on the open arms of
the EPM. Thus, a pheromone present in female urine is sufficient to reduce anxiety in males without
affectin~ locomotor activity.
/
Furthermore, as seen in Figure 6, s.c. administration of 500 flg testosterone proprionate (17
mglkg dissolved in peanut oilr30 min prior to EPM testing, to mimic a T pulse, elicited a similar
,reduction in the anxie~ levels ofmale mice withoutaffecting locomotor activity. This finding
indicated that the anxi~ty-reducing effects"of either a female (Experiment 1) or female urine
(Experiment 2) is likely mediated by T release.
Ourlab<:>ratory hasalso_estliblished that DHT, a5a-reduced metabolite ofT, also caused a
16
reduction in anXiety without affecting locomotor activity when injected into males 30 min prior to EPM
------~--- ----------
_testing, as seen 4J. Figure 7. In contrast, estradiol benzoate appeared anxiogenic. This fmding supports
the hypothesis that T reduces anxiety following metabolic conversion that IDvolves DHT rather than a
pathway that involves estradiol.
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Figure 7. Male mice
-that received DHT 30
min before being
placed on the EPM i
exhibited reduced
anxiety compared to
those receiving either
vehicle or estradiol
benzoate (F2,33 =3.39,
P < 0.05).
Vehicle DHT Estradiol
Benzoate
Treatment Groups
Taken together, these results provide evidence that the reflexive T pulse caused by the
presence of a female reduces male anxiety. I hypothesize that a lowered state of anxiety increases the
likelihood of male mouse mating behavior by reducing the threshold for c?pulation to occur. In this
way, the reflexive T pulse has immediate, as well as long-term effects, that enhance male reproductive
success.
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Chctptet 3: GENERAL -METHODS
The following methods are common to all experiments:
Animals
The mice employed were male and female hybrid offspring of C57BLl6J females and AKRIJ
males purchased from the Jackson Laboratories (Bar Harbor, ME). Mice were weaned at 21 days of
age and housed in gender-specific groups of3-5 in opaque plastic cages (28.5 x 19.5 x 13 cm) fitted
with a steel wire top holding a glass water bottle and food (Mouse Diet 5015, PMI Feeds, Inc.). Food
and water was available ad libitum. Clean cages and fresh wood chip bedding (Beta Chip, Northeastern
Products, Corp.) was supplied weekly and water replenished regularly. Animals were housed in the
Central Animal Facility at Lehigh University in a temperature controlled colony room (21-25°) with
standard fluorescent lighting on a 14-hour light 10-hour dark cycle. Two categories of mice were used:
Subjects - Sexually mature, gonadally intact adult male mice between 12 and 16 weeks of age
were randomly selected from our colony. One week before testing commenced, each mouse was
individually housed. All subjects were experimentally naive at the onset ofmating. Each subject
participated in oilly one experiment.
Social-Experience Mice - Social-experience mice consisted ofmales and females between 12
and 20 weeks of age. These mice were utilized to provide social and sexual experience for previously
naive male subject mice. Male social-experience subjects were. olfactory bulbectomized 4 weeks prior
to the start of the social-experience regimen. All mice in this group were used in multiple experiments,
presented in this thesis. Social-experience mice were housed under, the aforementioned conditions.
Procedure
Bulbectomy
Bulbectomies were,performed to ensure that social-experience males will be submissiv~ during
18
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the social-experience regimen so that male subjects did not experience social defeat, which can have
negative effects on T levels (Bohus, Benus, Fokkema, Koolhaas, Nyakas, van Oortmerssen, Prins, de
Ruiter, Scheurink, and Steffens, 1987). To remove the olfactory bulbs, each male was weighed and
anest~etized by an intraperitoneal injection of sodium pentobarbital (65 mglicg body weight). When
unconscious, the top of its head was shaved (Oster Electric Shaver). Next, the animal wasplaced. in the
. ..
head holder ofa stereotaxic apparatus (KopjStereotaxic Apparatus) and the olfactory bulbs removed.
Gelfoam was placed,into the space that previously contained the olfactory bulbs. Incisions were closed
with cyanoacrylate glue. After the surgery, each subject was transported to a heating pad for 10 min
. .
before being return~d to the 'col~ny room to recover. Males were inspected daily during their post-
operative recovery period.
Social-Experience Regimen
Two days after male subjects were individually housed, an 8-day social-experience regimen
commenced. The regimen was designed to provide social and sexual experience with a male and
female conspecific, respectively. The regimen consisted ofa daily 3-min exposure to a social-
experience mouse of the opposite sex immediately followed by a 3-min exposure to a social-experience
mouse of the same sex. Exposure occurred between 08:00-10:00. Subjects were paired with the same
female social-experience mice throughout the entirety of the regimen to ensure that male subject
experienced a female in each st~ge of estrous. The order ofpresentation was counter-balanced so that
on odd-testing days (e.g., Day 1, 3,'5, 7) male subjects were first presented with a male social-
experience mouse, and on even-testing days (e7g., Day 2, 4,6, 8)a female social-experience mouse
served as the initial stimulus. Social-experience mice 'weJe always placed in the male subject's home
cage·.
Drug Preparation and Administration
The drugs -employed: T, androsterone, aridrostanediol, bicucullme, picrotoxin, and muscimol, "-
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were purchased from Sigma-Aldrich. Testosterone, androsterone, imd androstanediol were all dissolved
. in p~anut oil (Planter's P~~~ut·Oil)~;:J.d~dministered o.Tml s~c~3(rmm prio£toiEPIVffesting-
.commenced. Bicuculline and picrotoxin was dissolved in physiological saline (0.9%) and administered
0.1 ml i.p. 5 min prior to T. Corresponding vehicles were used for control injections.
Elevated Plus-Maze Testing
., -
\
The EPM util~ed (see Figure 8) is a modification of that validated for mice by Lister (1987).
. .
The EPM is constructed of 1 cm thick transparent Plexiglass (fenn Allen Glass, Co.) and consists of
two open arms (50 x 10 cm2) and two enclosed arms'(50 x 10 x 40 cm\ arranged such that two pairs of
identical arms are opposite each other, Arms emerge from a central platform (10 x 10 cm2), and the"
entire apparatus is raised to a height of 50 cm above the floor level. The open arms and central platform
have white poster board atl\lched olithe outside, while the floor and walls of the enclosed arms have
black poster board on the outside.
IOcm
50cm
40 em,
50cm
'.
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A colony room doubled as the EPM testing room. To facilitate adaptati~n to the testing
environment, all male subjects were individually housed in this' room. Immediately prior to EPM
testing, all mice not-used in the experiment were removed fromthis room for the duration of testing.
}
Two days after completing the social-experience regimen, testing on the EPM commenced.
All testing was conducted betWeen 08;00-11 :00 of the light/4,ark cycle. First, male mice were given a
5-min habituation on the EPM. Previous work in our laboratory with this particular strain ofmouse
indicates that such a pre-test optiplizes the effects of anxiolytics upon behavior. EPM habituation
commenced by gently placing an individual mouse on the central platform of the EPM with its nose
directed to an open arm. During the subsequent 5-min, the subject was aUowed to freely investigate all
regions of the maze. Two days later, male ,mice were give!1 a 5-min trial on the EPM to measure
anxiety levels. A video camcorder (RCA Camcorder) placed above one of the enclosed arms, recorded
... each trial. A recorder, "blind" to experimental conditions, measured the number ofentries into open
and enclosed arms as well as the time spent in the central platform, open arms, and enclosed arms of the
EPM. An arm entry is defined as the entry of all four limbs into one arm.
The two indices used to assess anxiety are:-1) the number of entries into the open arms -of the
maze; and 2) the time spent on the open arms ofthe maze. These measures are expressed as
perce~~tal numb;r of entries and total' time spent on the EPM, respectively (Lister, 1987).
A treatment that increases a subject's open-arm entries without altering the number of enclosed arm
entries is interpreted as an anxiolytic manipulation. Conversely, a treatment that results in a decrease in
the number ofopen entries or the proportion of arm entries is said to have an anxiogenic action. A
treatment that induces the subject to make significantly more enclosed a~ entries in comparison to
baseline levels is considered a locomotor-inducing treatment (Pellow, Chopin, File, and Briley, 1985).
. In this thesis, an "anxiolytic" treatment will be defmed as increases in the prQportion of time spent in
the open arms and in the proportion of open arm entries accompal}ied by no differences in the nu@9.er
Ofenclosed arm entries.
Between each 5-min trial, the EPM was thoroughly cleaned to minimize any lingering
----,--------olfactory-cues.-Any.feces.-oLurine_weI.e_fi[st removed with p.Mer towels and then the arms, central
;.... r·- - . .•
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platform, and inner walls of the maze were cleaned with an odorless disinfectant, A-464-N (Airkem
Products, St. Paul, MN), and paper towels, followed by a cleaning with 95% ethanol and paper towels.
Statistical Analysis
Data were analyzed by a single~factor (drug) analyses ofvariance (ANOVA): Tukey tests
were used to analyze all possible pairwise comparisons (SuperAnova, AbflcUS Concepts). In viewof the
non-parametric nature of data from Experiment 4 and, Kruskal-Wallis and Mann-Whitney procedures
(SPSS 9.0) were utilized. The results of all pairwise comparisons for each experiment can be found in
the Statistical Analysis section.
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Ch~ptet 4: Results
EXPERIMENT 1
The Anxiolytic Effects ofTestosterone
Previous research in our'laboratory (Aikey, Anmuth, and Nyby, '199~; James and Nyby,'
unpublished) found that"T administered 30 min prior to an EPM test reduced male mouse anxiety.
However, only one dose ofT, 500 Jlg, was investigated. As such, the aim ofExperiment i was to
assess the anxiolytic effects of a range ofT doses in the EPM paradigm. ,-'
Methods
Animals
,
Subjects - Forty-eight male mice served as subjects.
Social-Experience Mice - Twelve females and 12 bulbectomized males served as social-
.experience mice.
Procedure
Subjects were assigned to one offour groups (N=12): VEHICLE (peanut oil), 25 Jlg T
(approximately 1 mg/kg for a 30 g mouse), 100 Jlg T (approximately 3 mg/kg for a 30 g mouse), or 250
Jlg T (approximately 8 mg/kg for a 30 g mouse). Subjects received either peanutoil or 25 Jlg, 100 Jlg,
or 250 Jlg ofT, 30 min prior to EPM testing. Dosages were selected to generate a dose-response curve
for the anxiolytic potency of T. Beca.use of time constraints, the present experiment was performed in
two replicates of 24 mice per replicate~ The r~sults ofthese replicates were combinedfor statistical
analysis, .
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Results &Discussion
The effects ofT on conventional plus-maze parameters are presented in Figures 9-11.
Testosterone significantly decreased anxiety on both measures of anxiety: the proportion of time spent
in the open arms (Figure 9; F3,44 = 5.11, p .< 0.005) and the proportion of entries made into the open .
arms (Figure 10; F3,44 = 4.72, P < 0.01). However, T did not affect locomotor activity as indexed by the
Figure 10. Mean
proportion of
entries made into
the open arms
(mean ±SEM) of
the EPM for four
treatment groups
receiving different'
s.c. dosages of T or
the oil vehicle.
Figure 9; Mean "
proportion of time
spent in the open
arms (mean ±SEM)
of the EPM for four
treatment gro~ps
receiving different
s.c. dosages of T or
the oil vehicle.
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. number of enclosed entries (F3,44 = 0.205, P =N.S.), as seen in Figure I!.
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Figure 11. Mean
number of
enclosed·arm
entries (mean ±
SEM)on the EPM
for fouttreatment
'groups receiving
different s.c.
dosages of T or the
oil vehicle.
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Post-hoc Tukey tests revealed that only the 250 Ilg dose ofT significantly increased both the
proportion of time spent in the open arms and the proportion of open arm entries when compared to the
vehicle condi.tion (p"< 0.01), although Figures 9 and 10 visually demonstrate a dose-dependept increase
in bothmeasures.
Taken'together, these results indicate T reduced anxiety in a dose-dependent fashion without
affecting locomotor activity.
. ,
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, EXPERIMENT 2
The Anxiolytic Effects ofAndrosterone
The central hypothesis of this thesis is that T reduces anxiety following conver;ion to
metabolites that are GABAA agonisfs. Androsterone, a 3a-, 5a-reduced, neurosteroid, is one s~ch
metabolite ofT. Therefore, Experiment 2 tested the hypothesis that androsterone reduces male mouse
anxiety in a fashion similar to T. If exogenous androsterone administration reduces anxiety ~m the
EPM, it should be active in much lower concentrations than T since androsterone has an afftnity for
1
GABAAreceptors (Turner, Ransom, Yang, and Olsen, 1989) while T does not (Gee, Bolger, Brinton,
Coirini, and McEwen, 1988).
Methods
Animals
Subjects - Sixty male mice served as subjects.
"
Social-Experience Mice - Twelve female and 12 bulbectornized males served as social-
experience mice,
"
-----------------'----
-------
Subjects were assigned to one of five groups (N=12): VEHICLE (peanut oil), 25 Jlg
ANDROSTERONE, 100 Jlg ANDROSTERONE, 250 Jlg ANDROSTERONE or 500 Jlg
ANDROSTERONE. In Experiment 2, male: mice received either peanut oil or 25 Jlg, 100 Jlg, 250 Jlg or
5QO Jlgof-androsterone 30 min prior to EPM testing. Dos.ages were selected to generate a dose-
response curVe that would illustrate the anxiolytic potency of androsterone. To better accommodate the
large number ofsubjects; Experiment2 :was performed in two replicatesofJO mice per replicate. The
results of each replicate were combined for statistical analysis.
26
__~~__w , • .......-' ._••_._-. ~ ..,__••_;
....••.• _ -. - - <~"'~._~_._,.. . ' ,-
Result~ &Discussion
14
I(
-
12
Q
Q
'!""4
~ 10
-
"~
....
80~
=~ 6c.
0
'-'
~ 4
a
••H 2
0
Vehicle 25 ~g 100 ~g 250 ~g 500 ~g
Dosages of Androsterone
Figure 12. Mean
proportion of time
spent in the open
arms (mean ±SEM)
of the EPM for five
treatment groups
receiving different
s.c. dosages of
Androsterone or the
oil vehicle.
. J
Figures 12-14 illustrate the effects ofandrosterone on conventional EPM anxiety measures.
Androsterone reduced anxiety without affecting locomotor activity. The administration of androsterone
30 min prior to EPM testing significantly increased both the proportion of time in the open arms (Figure
12; F4,55 = 8.15, p < 0.001) and the proportiop of open arm entries (Figure 13; F4,55 = 6.67, P < 0.001),
respectively. However, androsterone failed to modify the number of enclosed arm entries (Figure 14;
F4,55 = 0.724, P =N.S.).
Post-hoc comparisons established that 100 Ilg (p < 0.05), 250 Il~ (p < 0.05), and 500llg (p <
0.001) ANDROSTERONE increased the proportion of time spent in the open arms compared to the
VEHICLE. In addition, administration of 100 Ilg (p < 0.01) and500 Ilg ANDROSTERONE (p <
0.0001) increased the proportion of time in the open arms,'although 250 Ilg ANDROSTERONE (p="
0.082) did not reach statistical significance compared to the VEHICLE. Figures 12 and 13 visually
indicate that this reduction in anxiety was dose-dependent.
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Figure 13. Mean
proportion of entries
made into the open
arms (mean± SEM)
of the EPM for five
tr~atment groups
receiving different
s.c. dosages of
Androsterone or the
oil vehicle.
Vehicle 25 J.1g 100 J.1g 250 J.1g 500 J.1g
Dosages of Androsterone
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Figure 14. Mean
number of enclosed
arm entries (mean ±
SEM) on the EPM
.for five treatment
-.~ -groups-receiving--.
:different s.c. dosages
of Androsterone or
the oil vehicle.
- --- ....._._---..
Vehicle 25 J.1g 100 J.1g .250 J.1g. 500 J.1g
Dosages ofAndrosterone_
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EXPERIMENT 3
The Anxiolytic Effects'ofAndrostanediol
This experiment examined whether androstanediol, another 3u-, 5u-reduced T metabolite with
affinity for GABAA receptors (Gee, Bolger, Brinto,n, Coirini, McEwen, 1988), would reduce male .'
. .
mouse anxiety in"a fashion similar to androsterone. Thus, Experiment 3 is identical to Experiment 2
except androstanediol(3u-DIOL) was substituted for androsterone.
Methods
Animals
Subjects - Sixty male mice served as subjects.
Social-Experience Mice - The same 12 female and 12 bulbectomized males social-experience
mice used in Experiment 2 were used in the present experiment.
Procedure
-----.-- ... -In-ExperimenH,subjects-were-assigned-toone-of--5-groups(N';12):-VEHICLE.(peanut-oil),-25-----'-----'-"--__
Ilg 3u-DIOL, 100 Ilg 3u-DIOL, 250 Ilg 3u-DIOL, or 500 Ilg 3ci-DIOL. All subjects received either
peanut oil or 25 ~g, 100 Ilg, 250 Ilg, or 500 Ilg of3u-DIOL 30 min before EPM testing commenced.
As in Experiment 2, doses ~ere selected to generate a dose-response curve that would reflect the
apxiolyticpotency oOu-DIOL. Experiment 3 was also run in two replicates 000 mice per replicate..
I '. .
/
Results & Discussion
Figures 15~17 illustrate that 3u-DIOL reduced anxiety in a dose-dependent fashion without -
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affecting locomotor activity. As seen in Figure 15, 3a-DIOL increased the propQrtion of time spent in .
the open arms in a dose-dependent fashion (F4,55 = 6.90, p < 0,0001). 3a-DIOL also had a
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Figure 15. Mean
proportion of time
spent in the open
arms (mean<± SEM)
of the EPM for five
treatment groups
receiving different
s.c. dosages of
Androstanediol or
the oil vehicle.
Vehicle 25 Ilg 100 Ilg 250 Ilg 500 Ilg
Dosages of Androstanediol
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Figure16. Mean
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(mean ±SEM) of the
EPM for five
treatment groups
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Androstanediol or
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significant dose-dependent effect on the proportion of open ann entries (F4,ss = 8.52, P < 0.0001) as
-----------'-------.,-----------------:-------'--------.:...-_------,----_.~,
seen in Figure 16. However, 3a-DIOL failed to significantly affect the number ofenclosed ann entries
(F4,5S= 0.807, P =N.S.), as shown in·Figure 17.
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Figure 17. Mean
number of enclosed
entries (mean ±
SEM) on theEPM
for five treatment
groups receiving
'different s.c. dosages
of Androstanediol or
the oil vehicle.
Vehicle 25 J.1g 100 J.1g ,250 J.1g 500 J.1g
Dosages of Androstanediol
Post-hoc comparisons revealed that 100 J.1g, 250 J.1g, and 500 j..lg 3a-DIOL all significantly
increased both th~ proportion of time spent in the open arms (p < 0.05) as well as the proportion ofopen
'ann entries (p < 0.001) when compared to VEHICLE.
.'
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EXPERIMENT 4
The Effects o[Picrotoxin Upon
Testosterone-Mediated Anxiolysis .
Previous research conducted in our laboratory (AikeY"Anrnuth, and Nyby, 1998) showed that
s.c. adI$llst:ration ofT (500 Ilg) 30 min p'rior to EPM testing reduced male mouse anxipy. 1fT
reduced anxiety in Experiment 1 ~nd in previous research by activating GABAA receptors, then GABAA
r~ceptgr antagonists administered immediately prior to T should prevent T from decreasing a~ety.
Experiment 4 examined the ability ofpicrotoxin, a non-competitive GABAA receptor antagonist, to
block T-mediated anxiolysis. As would be expected of a GABAA antagonist, picrotoxin enhances
anxiety levels ofmale mice in a dose-dependent fashio~ (Dalvi and Rodgers, 1996).
Methods
Animals
Subjects - Thirty-five male mice were used.
Social-Experience Mice - Twelve females and 12 bulbectornized males served as social-
experience mice.
Procedure
In Experiment 4, subjects were randomly assigned to one of4 groups: 1) NO INJECTION
(N=9); 2) 0.1 ml SALINE (N=9); 3) 0.5 mg/kg PICROTOXIN (N=9); or 4) 2 mg/kg PICROTOXIN
(N=8). Based on my observations injecting ):he mice, I hypothesized that two injections, only 5 min
apart, may be enhancing anxiety substantially more than a single injeCtiO~. Thus, Experiment 4
employed 2 control groups, NO INJECTION and 0.1 ml SALINE, to test whether the number of
injections the male subjects receive has any effects on their anxiety levels.
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Results & Discussion
The effects ofpicrotoxin on conventional EPM indices ofT anxiolysis are shown in Figures
18-20. Both 0.5 mglkg and 2 mglkg picrotoxin blocked the anxiolytic effects ofT Without affecting
locomotor activity. Inad~itlon, neither anxiety nor loc0!ll0tor activity were affected by the number of
. injections.
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Figure 18. Mean
proportion of time
-1-----1---------------1 spent in the open
arms (mean ±SEM)
of the EPM for four
-+-----1---+------------1 treatment groups
receiving·different
i.p. dosages of
---------1 Picrotoxin or the
saline vehicle prior to
---------1 T.
(0)
No Vehicle
Injection
0.5 2
'mg/kg C mglkg
-- .. '-Dosages'or-Picrotoxin' ,-.-------- ...----------.
Picrotoxin reduced both the proportion of time spent in the open arms (Figure 18; Kruskal-
Wallis H test, H(3) = 15.50, P < 0.001) and the proportion of open arm entri~s (Figure 19; Kruskal-
Wallis H test H(3) =17.08, P < 0.001) in a dose-dependent fashion. The'number of enclosedarm
entries also differed across treatments (Figure 20; Kruskal-Wallis litest, H(3) =9.44, P < 0.05).
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Figure 19. Mean
proportion of,entries
into the open arms
(mean ±SEM) of the
EPM for four
treatment groups
receiving different
i.p. dosages of
Picrotoxin or the
saline vehicle prior to
T.
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Figure 20. Mean
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Post-hoc analysis showed that 2 mg/kg PICROTOXIN significantly suppressed both the
------~--\::--:-c-----,.-'---------,.-'-------~
proportion of~e ~pent in the open arms (Mann-Whitney D, z = -2.07, P < 0.05) and the proporti0ll of
open arm entries (Mann-Whitney D, z = -2.39, P < 0.05) when compared to the NO INJECTION group.
In addition, 2 mg/kg,PICROTOXIN had a significant suppressant affect on the prrportion.oftime spent .
in the open armsJMann-Whitlil:;y D, z = -3.39, P < .001) and proportion of open arm entries (Mann-
" ..• . I'
Whitney D, z = -3'.42, P < 0.001) when compared to the' VEHICLE woup:
Although 0.5 mg/kg and 2 mg/kg PICROTOXIN failed to modify the number of enclosed arm
entries when compared to the VEHICLE group (p = N.S. andp = N.S.,respectively), both OSmg/kg-
(Mann-Whitney D, z = -2.57, P < 0.01) and 2 mg/kg (Mann-Whitney D, z = -2.43, P < 0.05)
I
PICROTOXIN had a significant suppressive effect when compared to the NO INJECTION group.
Neither the proportion of time spent in the open arms (Mann Whitney D, z = -1.45, P = N.S.)
nor the proportion of open arm entries (Mann Whitney D, z= -1.82, P = N.S.) differed between the NO
INJECTION and VEHICLE groups.
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-----~---__~Ch!l9.al2!et'5: GENERAL DISCUSSION
Overall, the results of this thesis support the hypothesis that T, following conversion to
neurosteroid metabolites, reduces anxiety through its effects upon GABAA receptors in the brain.
The results ofExperiment 1 extend previous findings (Aikey, Anmuth and Nyby, 1998) _that
exogenous administration'ofT quickly reduces male mouse anxiety in a dose-dependent relationship.,
Although 25 !!g and 100 !!g ofT appeared to reduce anxiety, only 250 !!g T significantly reduced male
anxiety relative to control subjects receiving oil. In addition, 250 !!g T did not reduce locomotor
activity. Therefore, the apparent reduction in anxiety cannot be accounted for by changes in activity
levels. In accordance with.th~se results, a recent study (Salvador, Moya-Albiol, Martinez-Sanchis, and
Simon, 1999) found that injections of testosterone prqprionate did not affect spontaneous locomotor
activity in gonadally' intact male mice.
The results ofExperiment 1bear a remarkable- similarity to earlier studies conducted in our
laboratory that had shown500 !!g T decreased anxiety 30 min later on the EPM (Aikey, Anrnuth and
Nyby,1998). Thus, a sufficiently high dose ofT, either 250!!g or 500 !!g, is necessary to rapidly
reduce male anxiety withoutaffecting locomotor activity. These results suggest that under normal
circumstances the basal levels ofT experienced by a gonadally intact male are not anxiolytic.
Therefore, perhaps anxiolysis may occur only when T titers greatly exceed baseline levels (e.g., a T
~~---'-_.~~~p~ls~). Ifw~ are to assume that a s,c. iiijection onso !!g or 500 !!g-()fT-elevates-pl~sma-hormone-titers-
to levels similar to those that occur as a result of a reflexive T pulse,then these results support the
hypothesis that reflexive pulses ofT may reduce the anxiety that occurs during copulatory behavior. In
addition, the rapid anxiolytic effects ofT ~upport the idea ofa nongenomic mechanism of action. In
this manner, these reflexjve.T pulses might function to· eIlhanc~ leproductive success.
Previous research has also found that androgens have anxiolytic effects in a time-frame that
. ..
supports the idea of a nongenomic mechanism of action: For eximiple, assessing male rats, Bitran,
Kellogg, andHilvers (1993)found that 6 days of continued exposure to high levels of testosterone
. . . . . .
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proprionate via subcutaneously implan~ed capsules reduced anxiety on the EPM, while 2 weeks of
e'l:posure had no affect. In addition, castrated male rats bearing T implants also .exhibited reduced
anxiety when evaluated on the EPM (Gonzalez, Farabollini, Albonetti, and Wilson, 1994).
Furthermore, the time~frame that I observed for T action appears similar to what others ha~e found. In
a published abstract Domek and coworkers (1992) fouridthat an injection ofT or DHT reduced male
mouse anxiety~hin 30 min. Similarly, previous' research in our laboratory has shown that T (Aikey,
I
Anmuth, and Nyby, 1998), as well as DHT (Aikey and Nyby, unpublished data), has anxiolytic effects·
. 30 min later.· While the methodology utilized by Bitran's laboratory (method ofhormone
administration) does not distinguish between genomic and nongenomic mechanism, the rapid anxiolytic
.'" . .
effects following an injection observed by Domek's laboratory and in our laboratory are more consistent
with a nongenomic mechanism of action. Such a nongenomic mechanism of action should not be. .
viewed as a challenge to the classical mechanismofsteroid action. Rather, it adds an additional layer to
the diversity of stt:;roid action that endows the ability to mount immediate, rapid responses of short
, .
duration in addition to latent, prolonged responses depending on the specific stimuli and challenge
presented.
In Experiments 2 and 3, both androsterone or androstanediol reduced male anxiety in a dose-
dependent fashion. Furthermore, it appears that both neurosteroids were anxiolytic at lower doses than
T (Experiment 1). While. only 500 Ilg androsterone (Experiment 2) significantly reduced anxiety 30
min later without affecting locomotor activity, 100 Ilg, 250 Ilg, and 500 Ilg of androstanediol
(Experiment 3) were all sufficient to significantly reduce male anxiety without affecting locomotoi~'
activity.
It is likely no coincidence that androsterone and androstanediol, two 30.-, Sa-reduced 1ft
neurosteroid metabolites ofT,exerted even more powerful anxiolytic effects thanT. Both androsterone
. .
andandrostanediol bind to steroid recognition sites onGABAA receptors with high affinity (Gee,
Bolger, Brinton, Coirini, and McEwen, 1988; Turner, Ransom, Yang, and Olsen, 1989, respectively)
'. ,.
while T itself is not an effective ligand (Gee, Bolger, Brinton, Coirini, and McEwen, 1988).
Ancirostanediol can increase the d~nsity of GABAA binding sites in the hypothalamus (Frye, Duncan,
37.
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Basham, and Erskine, 1996). The 9ABAAagonist properties of androstanediol also potentiates GABA-
- .
mediated cr flow in synaptoneurosomes (Frye, Van Keuren, and Erskine, 1995). hi-addition;
androsterone increases the mean open time of the channel in a concentration-dependent manner by
. .
increasing the proportion of channels.opening to longer open time states (Twyman and Macdonald,
1992). Androsterone also enhances the abilityofmuscirnol, a GABAAagonist, to hype11?olarize
neurons (Turner and Simmonds, 1989) and stimulate cr flux in synaptoneurosomes (Turner, Ransom,
Yang, and Olsen, 1989). Taken together, these results suggest that the ability of androsterone
. .
(Experiment 2) and an<lrostanediol (Experiment 3)to reduce male anxiety in a dose-dependent fashion
might have occurred as a result of the ability ofboth T metabolites to act as qABAAreceptor agonists.
The results ofExperiment 4 suggest thatihe property ofT to reduce male anxiety is dependent
on interactions with GABAAreceptors. Administration of 0.5 mg/kg or 2 mg/kg picrotoxin, a non-
competitive GABAA receptor antagonist (Macdonald and Barker, 1978),5 min prior to T injection
blocked the anxiolytic effects ofT, 30 min later on the EPM. Picrotoxin is kn0'Yll to non-competitively
, v
reduce GABA-~voked cr currents (Macdonald and Barker, 1978) by acting on the open-gated state of
the GABAAreceptorchannel at the channel itself (Akaike and Oomura, 1984; see Figure 20) or ata site
near the channel (Bormann, 1988). Picrotoxin decreases channel open frequency and has no effect on
mean channel open time (Newland and Cull-Candy, 1992). Kinetic analysis suggest that picrotoxin
may alter the.intrinsic gating of the channel once GABA is bound so that therate ofopening of the
receptor to the longest duration open state is decreased relative to other open states (Macdonald and
T~, 1992). Unfortunately" whether other open states are also decreased or iemain unchanged has
not yet been determined.
Based on these results, I propose that T indirectly reduces anxiety via its conversion to its
neuroactive 3a-, Sa-reduced metabolites,.androsterone and androstanediol, which thereby potentiate
.GABAAreceptor-s. The brain contains substantial amounts ofsteroid metabolizing enztrnes thatcan
metabolize T to a wide variety ofneuroactive compounds, including androsterone and androstanediol
- I
!
(see Figure 1). Therefore, in termS ofnongenomic effects: T is simply a pro-hormone that must be
reduced to its metabolites to exert its rapid, anxiolytic effects (Kubli~Garfias, 1987).
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A Comment on the Relevance ofReflexive TPulses
Male mammals ofmany species experience abrupt increases in serum LH and T during times
ofheightened sexu~l arousal (Harding, 1981). As previously mentioned, researchers investigating the
functional significance of such reflexive hormonal pulses hypothesizeg that such pulses might increase
sexual arousal (Coquelin and Bro~on, 1979), initiate reproductive behavior (Batty, 1978), or otherwise
influence male-typical reproductive behavior (Maruniak and Bronson, 1976; Kamal, Mock, Wright, and
Frankel; 1975).
Along these lines, several investigators have provided evidence that the reflexive T pulse that
males experience upon encountering a female facilitates the inltiation' ofmoUnting in rats. De Jonge
and coworkers (1992) found that mount latency, intromission latency, and ejaculation latency were all
consistently reduced after a 10-min pre-exposure to a female. Additionally, in research completed in
our laboratory, experimentally-induced T pulses shortened male mount latency (James and Nyby,
unpublished).
Thus, the transient elevations in T appear to play an important role in male sex behavior. For
many"species, courtship and copulation are activities that require substantial amounts ofboth time and
energy that could be used for other adaptive activities (Daly, 1978). Moreover, animals engaging in-
courtship and copulation are subject to an increased risk ofpredation (¥agIihagen, 1991). In order to
maximize reproductive success, animals must often ignore distracting stimuli in their environment that
would normally deserve their attention. Thus, perhaps elevations in T titers that occur during courtship
and copulation reduce the anxiety associated with such activities and allow the male to ignore
environmental stimuli and therefore eIihance the probability of reproductive success•
.
Where in the Brain do T, Androsterone and Androstanediol RegulateAnxiety?
One important question that this research begs is where in the brain are T and its reduced
- .
metabolites exerting their nongenomic effects? GABA is the most widely distributed iIihibitory
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neurotransmitter in the CNS ofvertebrates. Virtually all neurons are sensitive to GABA, and GABAA
receptors are ubiquitous in the CNS. Jjowever, functional studies of recombinant GABAA receptors
have demonstrated that different subunit compinations can produce receptors with different
pharmacological properties (Sanger, Benavides, Perrault, Morel, Cohen, Joly, and Zivkovic, 1994;
Sieghart, 1995). ,Thus, GABAA receptors could vary in their sensitivity to neurosteroids in different
parts of the brain.
Recent research has suggested two possible sites of androgen metabolite action. Sipos,and
Nyby (1996) demonstrated a synergistic effect betWeen T action in the ventral tegmental area (VTA)
c ., .1
and medial preopticarea (MFO) in restoring male-typical reproductive'behaviors in castrated male
mice. Since few, if any androgen receptors exist in the vtA of male mice, androgens most likely
mediate their effects through other receptor systems. Perhaps T, androsterone, or androstanediol are
reducing anxiety and mount latency (James and Nyby, unpublished) via anbngenornic mechanism in
the VTA which then synergizes with the effects ofT in the MPO upon sexual performance (Hart a~d
Leedy, 1985) for the enhanced expression of reproductive behavior. Additional experiments must be
performed to test this hypothesis. For example, would intracranial injections ofT, androsterone, or
androstanediol into the VTA and MPO reduce anxiety as well as reduce mount latency? Moreover,.
what effects might these androgens produce in the presence ofGABAA receptor antagonists such as
picrotoxin or bicuculline?
Concluding Remarks
The results demonstrate that exogenous administration ofT, androsterone, or androstanediol
reduce male mouse anxiety 30 min later on the EPM. Moreover, neither T, androsterone, or
imdrostanediol have any affect onlocomotor activity. Thus T, androsterone, and androstanediol have
r
rapid anxiolytic effects in male mice. In addition, the presence ~f picrotoxin, a non-co.mpetitive
GABAA receptor antagonist, iiJhi\?its the ability or"T to reduce anxiety. Therefore, the ability ofT and
, ;\
its reduced metabolites to rapidly reduce male mouse arixiety appears to rely on'~ nongenomic ~
r
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mechanism of action that involves GABAA receptors. Future research must examine arid test this
hypothesis in depth.
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ChClptet 7: STATISTICALANALYSES
Table 1. Effects of testosterone (25Ilg, 100 Ilg, 250 Il~ SC) on the behavior ofmale mice iri the
EPM. See Figures 9-11 for complementary data.
ANOVA Table .
Sum of
Squares df
Mean
Square F p-value
Time Open Betwe~n Groups . 3282.917 3 1094.306 5.156 0.004
Within Groups 9339.000 44 212.250
Total 12621.917 47
Percent Time Open Between Groups 364.767 3 121.589 5.156 0.004
. Within Groups 1037.667 44 23.583
Total 1402.4?4 47
Open Ann Entries Between Groups' 9.750 3 3.250 2.038 0.122
..
Within Groups ' 70.167 44 1.595
Total 79.917 47
Percent Open Arm Entries Between Groups 2443.510 3 814.503 5.597 0.002
Within Groups 6402.972 44 145.522
Total 8846.482 47
EnClosed Arm Entries Between Groups 4.729 3 1.576 0.167 0.918
Within Groups 414.250 44 9.415
Total 418.979 47
Total Entries Between Groups 2.729 3 0.910 0.058 0.981
Within Groups 689.750 44 15.676
Total 692.479 47
Table 2. Effects ofandrosterone (25 Ilg, 100 Ilg, 250 J.lg, 500 Ilg SC) on the behavior ofmale mice in
the EPM. See Figures 12-14 for complementary data.
ANOVA Table
Sum of .
Squares df
Mean
Square F p-value
..
I
Time Open Between Groups 9610.267 4 2402.567 9.650 0.0001
Within Groups 13693.333 55 248.970 .
Total 23303.600 59
Percent Time Open Between Groups 1001.226 4 250.307 8.154 0.0001
Within Groups 1688.433 55 30.699
Total 2689.659 59
Open Ann Entries Between Groups 53.267 4 13.317 7.117 0.0001
Within Groups 102.917 55 1.871
Total 156.183 59 ,
Percent Open Arm Entries Between Groups 3477.231 4' 869.3G8 6.66~0.0001
Within Groups 7173.060 55 130:419
Total 10650.291 59
Enclosed Ann Entries 13etween Groups 30.900 4 1.725 0.724 0.579
Within. Groups 586.833 55 10.670
Total 6.17.733 59
Total Entries , Between Groups 108.733 ·4 27.183 1.653 0.174
Within Groups 904;250 55 16.441
Total 1012.983 59 . ,
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Table 3. Effects ofandrostanediol(25 flg, 100 flg, 250 flg, 500 flgSC) on the behavior ofinale mice------~-:o-~
.in the EP~See FIgures 15-17 for complemenUiry-da:ta~. ------':-------'--------- _
ANOVA
p-valueF
Mean
Squaredf
Sum of
Squares
..
Tilne Open Between Groups 7953.733 4 1988.433 6.689 0.0001
Within Groups 1634~.250 55 297.259
Total 24302.983 59
Percent Time Open Between Groups 883.741 4 220.935 6.689 0.0001
Within Groups 1816.592 55 . 33.029
Total 2700.333 . 59
Open Arm Entries Between Groups 44.900 4 11.~25 5.141 0.001'
Within Groups 120.083 55 2..183
Total 164.983 59
.,
I· ~
Percent Open Arm Entries Between Groups 4060.365 4 1015.091 8.521 0.0001
Within Groups 6551.905 55 119.126
Total 10612.271 59
Enclosed Arm Entries Between Groups 43.267 4 10.817 0.807 0.526
Within Groups 736.917 55 13.398
Total 780.183 59
Total Entries Between Groups 145.100 4 36.275 1.533 . 0.206
Within Groups 1301.833 55 23.670
Total 1446.933 59
.Table 4. A statistical summary of the effects ofpicrotoxin (1 and 2 mg/kg, IP) plus T
(500 flg, SC) injections on the behavior ofmale mice in the EPM. See Figures 18-20
for complementary data.
Kruskal-Wallis Test
Total
E t .
Enclosed
Ar E t'
Percent Open
Ar E t'
Open
A E t'
Percent Time
o
Time
o'pen 'pen rm n nes m n rIes m n rIes n rles
Chi-Square 15.698 15.501 16.996 17.083 9.444 18.881
df 3 3 3 3 3 3
Ip-value 0.001 0.00l" 0.001 0.001 .0.024 0.0001
Table 5. A statistical summary ofthe effects ofbicuculline (6 and 8 mglkg IP}plus T
(500 flg, SC) injections on the behavior ofmale mice in the EPM. See Figures 21-23
for complementary data.
Kruskal-Wallis Test
TotalEnclosedPercent Open
E
Percent Time Open
o A
Time
o'pen 'pen rmEntries Arm ntries Arm Entries, Entries
Chi-Square 6.208 6.208 6.166 5.772 8.090 9.065
df 2 2 '2 2 2 2
p-value 0.045 0.045 0.046 0.048 0.Q18 0.011
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Table 6. Effects ofmuscimol (1,2 mg/kg IP) on the behaviorofmale mice in .the EPM. See
Figures 24-26 for complementary data.
ANOVA
F S' 'fi
Mean
S
Sum of
S df.- .. squares square 12m Icance
Time Open Between Groups 6429.63 2 3214.815 6.227 0.007
Within Groups 12390.7 24 516.278
Total 18820.3 26
Percent Time Open Between Groups 714.401 2 357.201 . 6.227 0.007
Within Groups 1376.74 24 57.364
Total 2091.14 26
Open Arm Entries Between Groups 38 . 2 19 5.386 0.012
Within Groups 84.667 24 3.528
Total 122.667 26
Percent Open Arm Entries Between Groups 3769.21 2 . 1884.606 15.24 . 0.0001
Within Groups 2967.34 24 123.639 ~
Total 6736.55 26
Enclosed Arm Entries Between Groups' 20.667 2 10.333 0.912 0.415
Within Groups 272 24 11.333
Total 292.667 26
Total Entries Between Groups 88.667 2 44.333 1.88. 0:174
Within Groups 566 24 23.583
Total 654.667 26
5i
~.
APPENDIX 1
EXPERIMENT 5
The Anxiolytic Effects ofTestosterone in the
Presence ofBicuculline
The results ofExperiment 4 were consistent with the hypothesis that T reduces male mouse
anxiety by activating GABAAreceptors. In the. present experiment, an alternative strat~gy was used to
.testthis hypothesis. Experiment 5 examined whe~er bicuculline, a competitive GAB~A receptor
antagonistj(Macdonald, Rogers, and Twyman, 1989), could block the anxiolytic effect ofT.
(
Bicuculline, like picrotoxin, enhances anxiety in a variety ofte~ts (for review see Rodgers and Cole,
1994).
Methods
Animals
Subjects - Thirty-six male mice were used.
Social-Experience Mice - Twelve females and 12 bulbectornized males served as social-
experience mice.
Procedure
In the present experiment, male subjects were randomly assigned to one of3 groups (N=12):
VEHICLE (physiological saline), 6 mg/kg BICUCULLINE, or 8 mg/kg BICUCULLINE.
Results &Discussion
'. • . . - I
.. The effects ofbicuculline prior to T administra~on o~ conventional plus-maze parameters are
shown in'Figur~s 21~23. Bicucullineblockedthe anxiolytic effects ofT and also reduced
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Figure 21. Mean
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1-----------1 Bicuculline or the
saline vehicle prior to .
T.
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locomotor activity in a dose-dependent fashion. Bicuculline significantly decreased both the proportion
of time spent in the open arms (Figure 21; Kruskal-Wallis H test, H(2) =6.54, p::::: 0.05) and the
proportion ofopen arm entries (Figure 22; Kruskal-Wallis H test, H(2) =6.16,p < 0.05) in a dose-
dependent fashion. Bicuculline also significantly suppressed the number of entries into the enclosed
arms (Figure 23; Kruskal-Wallis H test, H(2) = 8.17, p <.0.05).
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Figure 22. Mean
proportion of open
arm entries (mean ±
SEM) on theEPM for'
three treatment
groups receiving
different i.p. dosages
of Bicuculline or the
saline vehicle prior to
T.
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Figure 23. Mean
number of entries
into the enclosed
arms (mean ±SEM)
of theEPM for three
treatmentgroups .
receiving different
i.p. dosages of .
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Post-hoc analysis revealed 8 mg/kg BICUCULLINE significantly reduced the proportion of
time in the open arms (Mann-Whitney U, z = -2.53, P < 0.05) and the proportion of entries into the open
arms (Mann-Whitney U, z = -2.53, P < 0.05) when compared to the VEHICLE group. ,Both 6 mgikg
and 8 mgikg BICUCULLINE also reduced the number ofenclosed arm entries (Mann-Whitney U, z =
-2.76, P < 0.01). IIi addition, 8 mgikgBICUCULLINE reduced the proportion oftime spent in the open
arms (Mann-Whitney U, z = -1.97, P < 0.05) and the proportion of entries into the open arms (Mann-
Whitney U, z = -1.97, P < 0.05) when compared to 6 mgikg BICUCULLINE.
In light of these results, future research should determine whether a dose of bicucu1line exists
that significantly reduces anxietY without affecting locomotor activity levels.
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\APPENDIX 11
EXPERIMENT 6
The Anxiolytic Effects ofMuscimol .'
The results ofExperiments 4 suggest. that T may be reducing anxiety through GABAA
receptors. An altemf;ltive strategy for examining whether a drug is a GABAA agonist is to see whether
the drug synergjizes with a known GABAA agonist, such as muscimol (Corbett, Fielding, Comfelt, and
Dunn, 1991; Dalvi and Rodgers, 1996) to reduce anxiety. In order to begin examining such a
synergistic effect, Experiment 6 tested the ability ofmuscirnol to reduce male anxiety.
Previous research.(Dalvi and-Rodgers, 1996) employing DBA/2 mice discovered 2 mg/kg of.
muscimol significantly increased both the proportion of open arm entries and the percent time spent in
the open arms of the EPM, while 0.5 mg/kg, 1 mg/kg and 3 mgikg ofmuscimol did not. Experiment 6
wasa pilot study designed to replicate the results ofDalvi and Rodgers (1996) since our laboratory.
employs mice of a different genetic strain (C57BL/6J x AKRIJ). Although this line ofresearch was not
.. .'. . . - .'.
completed for this thesis, these data should nevertheless be useful for investigators continuing this
research.
Methods
Animals
Subjects - Twenty-seven male mice were employed.
Social-Experience Mice .- Nine females and 9 bulbectomized males served as social-experience
mice.
Procedure
..
Male subjects were rando~y assigned to one 00 groups (N=9): 1) VEHICLE (physiological
.55
saline); 2) 1 mg/kg MUSCIMOL; or 3) 2 mg/kg MUSCIMOL.
Results & Discussion
The effects ofmuscimol on conventional plus-maze measures are illustrated in Figures 24-26.
Muscimol reduced anxiety in a dose-dependent fashion without affecting locomotor activity. As seen in
Figures 24 and 25, ~uscimol sigmficantly increased both the proportion of time· in the open arms
(Figure 24; F2,24 =6.23, P< 0.01) and the proportion of entries into the open arms (Figure 25; F2,24 =
. . . . .I
15.24, P < 0.01). However, significant differences in the number of enclosed arm entries did not exist
(Figure 26; F2,24 = 0.912, P =N.S.).
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Figure 24. Mean
proportjon of time
spent in the open
arms (mean ±SEM)
of the EPM for three
treatment groups
receiving different
i.p. dosages of
Muscimol or the
saline vehicle.
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Post-hoc comparisons revealed that both 1 mg/kg (p < 0.05) and 2 mg/kg (p < 0.01)
MUS9MOL increased the proportion of time spent in the open arms. Additionally, both 1mg/kg (p <
0.01) and 2-mg/kg (p < 0.001) MUSCIMOL also increased the proportion of open arm entries.
\-
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Figure 26. Mean
number of entries
' .into the enclosed
arms (mean ±SEM)
of the EPM for three
treatment groups.
receiving differ.ent
i.p. dosages of
Muscimol or the
saline vehicle.
Figure 25. Mean·
proportion of open
arm entries (mea..·±
----l . SEM) on the EPM for
three treatment
groups receiving
different i.p. dosages
ofMuscimol or the
---i saline vehicle.
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It is worth noting that these results differ somewhat from previous research. Dalv.i and
. .
Rodgers (1996) found that only 2 mglkg significantly increased the proportion of time spent in th.eopen
. .
arms and the proportion of open armentries. In addition, the number of enclosed arm entries were only
reduced at the 2 mglkg dose. One possible. reason for these conflicting results lies in the genetic strain
...... 6fmiceemployed: Dalvi and Rodgers employed DBN2 mice; while our laboratory uses ~e hybrid
57
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'offspring ofC57BL/6J x AKRIJ. Recent~vid.ence (Crabbe, Wahlsten, arid Dudek, 1999) suggests that
-------------------_.-----'------'._--"--_. '
genetics playa major role in determining patterns ofbehavior in a variety oftests, including the EPM.
(
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304 South New Street·
Bethlehem, PA 18015
Phone: 610.868.9485
Fax: 610.866.0681
E-mail: jaikey@hotmail.com
Objective
Education
My career objective is to become a caring, compassiopate medical doctor.
1999-2004 Philadelphia College of Osteopathic Medicine .
Combined DOIMBA program
Awardsreceived
1999 Allentown Bartender School
T.I.P.S.-Certified Professional Bartender
• Mixed 12 drinks in 5 min 32 sec
1998-1999 Lehigh University
M.S. Behavioral Neuroscience
1995-1998 Lehigh University
B.A. Behavioral Neuroscience *(in three years)
• Graduated with Highest Honors (3.87 out of4.00)
Williams Award for Literature
Whitehall, PA
Bethlehem, PA
Roy C. EckhardtCollege Scholar .
Howard Hughes 'Institute Research Grant
Phi Eta Sigma (academic honor society)
Omicron Delta Kappa (leadership society)
Presidential Scholarship (tuition-free fourth year used to pursue a Master's degree)
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Bartender
• Served alcoholic beverages in an upscale cocktailloungelbar.
Summer, 1999 University of Virghlia
Attendedannual conferenceofthe Societyfor BehavioralNeuroendocdnology
• Presented the poster, "Does Testosterone Exert Quick-Acting Effects Upon
Behavior Following Conversion to NeQIOstt<foidsthat Are GABAA Agoilists?"
,Su;mmer,1999 ' Lehigh University
, . '
TeachingAssistant BIOS404BehavioralNeuroscience'
• Created and graded daily homework assignments, assisted grading examinations,
organized and taught small-group study sessions, and presented one lecture to the
class. .
Fall, 1998 Lehigh University
TeachingAssistant BIOS177 Introduction to BehavioralNeuroscience
• Created and graded daily homework assignments, assisted grading examinations,
organized and taught small-group study sessions, andpresented one lectureto the
class.
1996-present Lehigh University
Undergraduate/Graduate Student Research Investigator in Dr. John Nyby's Lab
• Studied the reflexive release of testosterone that occurs in male mice (Mus
musculus) upon presentation of a female or her urine. Discovered that the
reflexive release ofT serves to reduce male mouse anxiety, decreases mount
latency, and appears to act indirectly as a GABAA receptor agonist following
bioconversion to 3a-, Sa-reduced metabolites in the brain.
1997-1998 Lehigh University
Laboratory Technician, DepartmentofBiologicalSciences
• Managed the care of experimentalanimals (Mus musculus)
Saucon Valley Country Club1996-1997
GolfCaddie
• Assisted golfers in managing the course and club selection
1995-1997 White Deer Waterslides
Lifeguard
• Managed crew of 16 lifeguards
Hellertown, PA
White Deer, PA
199~1997 Bucknell University Golf Club Lewisburg, PA
GolfPro Shop Attendant
• Served as course marshal, scheduled tee times, maintained bag storage room
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EYa~gelitalCoJ!lJ11111!LtyJ:IosIJital EXj:~f!!Sl1ip_ PrQgt"am
Reader for blind graduate student,
Habitat for Humanity trip to Beaufort, NC'
St. Luke's Hospital Pre-Med Internship Program
Temple University School ofPodiatric MediCine Internship Program
The Discovery Center of Science and Technology
Editorial board member, The Lehigh Review
Sports editor, columnist,and photograpller, The Brown and White
'-
Treasure~,Alternative Sprin~ Break Club
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